Introduction
It is now appropriate to discuss fine details of the mechanism of action of xanthine oxidase because of the extensive spectroscopic and kinetic evidence available; this is especially so since this has recently been supplemented by X-raycrystallographic data. Much of the information has been reviewed comprehensively [1, 2] and is also discussed in this volume [3, 4] . In this article we intend to concentrate on the role of electron nuclear double resonance (ENDOR) spectroscopy in determining aspects of the structure of intermediates in the mechanism, with particular reference to details of the evidence for Mo-C bonds, since there may be misunderstandings in the literature concerning how we interpreted our results [S] . We go on to consider some of the various hypotheses concerning the mechanisms that are currently being debated.
Geometrical information obtained using ENDOR spectroscopy
It is necessary first to discuss the nature of the geometrical information that can be obtained using ENDOR spectroscopy. In ENDOR spectroscopy an NMR spectrum is probed by detecting the change in saturation of an EPR signal as the NMR frequency is scanned. It therefore reveals magnetic nuclei, such as 'H or I3C, that are interacting with unpaired electrons in paramagnetic centres and can be used to quantify this so-called superhyperfine interaction. In the case of mechanistic studies on xanthine oxidase, various M o m EPR signals can be used to give information about the electronic and geometric properties of species generated at the substrateoxidation site.
Since ENDOR spectra can be measured at different points of the parent EPR spectrum and since, for anisotropic systems such as M o o in xanthine oxidase, these points correspond to well-defined subsets of orientations of the paramagnetic centre, it is possible in favourable cases to determine experimentally the angular dependence of the superhyperfine interaction. This 'single crystal' type data from ENDOR of randomly orientated frozen solutions is obtained as a result of the orientational selectivity of EPR. The problem then is what to do with the information on the superhyperfine interaction. There are many contributions to this interaction and these generally have both isotropic and anisotropic components. At large distances, the principal contribution comes from the classical through-space dipole-dipole interaction between the magnetic moment of the electron and that of the nucleus. This has the well-defined form:
where gePgnPn are the electronic g-value, Bohr magneton, nuclear g-value and nuclear magneton respectively; these all have known values or are universal constants. p is the distribution density of the electron and is often assumed to be unity, centred on the central atom (e.g. Mo). Geometrical information is contained in r, which is the distance from the electron (generally centred on the central atom) to the nucleus, and in 0, which is the angle between the external magnetic field and the line joining the electron to the nucleus. T h e dipole-dipole interaction has no isotropic component, so that the sum after adding the values in all directions is zero, and has axial symmetry about the line joining the two dipoles. If the superhyperfine interaction has been completely determined and is known to be purely of this origin, it can then be used to obtain the distance from the central atom to the nucleus and the direction relative to the electronic g-tensor principal axes. It is generally difficult in practice to determine the superhyperfine interaction completely, especially when working with frozen solutions rather than with single crystals, but it is often fairly straightforward to obtain its extreme values, which occur when 9 is 0" and 90". If this can be done, Y can be determined; this is useful for applications such as those described in this article. The practical details of the methodology have recently been considered in detail [6] and the extensive work on single crystals of haemcontaining proteins described [7] .
T h e main problem with using the pure dipole-dipole approach occurs when the distance from the central atom to the magnetic nucleus is Volume 25 short enough, and the electronic structure is appropriate, for there to be significant delocalization of the electron on to the orbitals associated with the magnetic nucleus. When this happens there are a number of additional contributions to the superhyperfine interaction and these are often difficult to quantify, although estimates can be made of their effects. They will be discussed below with reference to the presence of Mo-C bonds in xanthine oxidase catalytic intermediates.
ENDOR evidence for Mo-C bonds in xanthine oxidase Inhibited and Very Rapid EPR signal-giving species
The various EPR signals given by xanthine oxidase are discussed elsewhere in this volume [4] . Figure 1 shows our proposed structures for the species giving rise to the Inhibited and Very Rapid EPR species, together with the information used to derive them. The approach that we have used in interpreting our ENDOR data [5] is to calculate the distance from the Mo to a I3C from the observed anisotropy of the superhyperfine interaction using the pure dipole-dipole further corrected for the observation that 35% of the unpaired electron density is known to be on the sulphido ligand to Mo [8] . If there were no Mo-C bonds, these distance calculations would be unambiguous. However, they are such that they can be explained only by the presence of an Mo-C bond. We can therefore exclude the possibility that there is no bond.
In an alternative approach, we have also calculated the size of dipolar interaction we would expect, from model compounds, where a carbon is as close as possible to the Mo without forming a bond such as 3.0 to 3.2A in Mo-0-C structures, e.g. [9] , or 2.6A in four-membered rings containing -Mo-0-C-X-, e.g.
[lo], as a model for the Inhibited species. Note that in order to get the highest estimate of the anisotropies, we have corrected the result of the simple dipole calculation upwards using the worst case methods described below for our esti- The evidence for a bonding interaction between Mo and C in the Inhibited species is excellent since the anisotropic component of the superhyperfine interaction is so large. The data are less clear for the Very Rapid species, although the calculated superhyperfine anisotropy for the closest approach without forming such a bond is still significantly less than the observed value ( Figure 1, line 2) . In the light of the above, and by analogy with the clearer result for the Inhibited species showing that such structures are possible, we believe that the structure of the Very Rapid species shown in Figure 1 , line 1 is correct and that we should assume that this is so unless convincing data to the contrary are forthcoming.
Given that such a bond is present, we subsequently attempted the much more difficult task of estimating its length, i.e. what can we say about the actual Mo-C distance. First, we have used the correction method successfully applied to a low-spin cyanide adduct of Fe(II1) transferrin [ll] . In this method the contribution to the anisotropic component of the superhyperfine interaction from delocalization of the unpaired electron into a carbon p-orbital is calculated by obtaining the carbon 2s electron density ( Figure  1 , line 5) from the isotropic hyperfine interaction ([ 121; Figure 1, line 4) , assuming sp-hybridization to get the anisotropic interaction ( [12] ; Figure 1 , line 6). We assumed a worst case, i.e. that this correction is exactly opposite to the dipole-dipole interaction, to get a corrected dipole-dipole term (Figure 1, line 7) and recalculated the Mo-C distance to see how large this could be ( Figure 1, line 8 ). There are certain to be other contributions, such as the effect of the exact Mo-orbital in which the unpaired electron mainly resides, but we estimate that they will be relatively small. A final correction is included, for the Very Rapid M o o EPR signal, for delocalization of the unpaired electron on to a sulphido ligand [8] .
The important points are (1) there is very good evidence for Mo-C bonds, especially for the Inhibited species and (2) the values we have given for Mo-C distances are estimates of the maximum values, not means.
Mechanism of action of xanthine oxidase
The proposals for the mechanism of action of xanthine oxidase that are currently discussed, together with much of the relevant evidence, have recently been described in detail by Hille [Z] . We have summarized elsewhere [4] the results that have convinced us that the oxygen atom transferred to substrate must come from a water or hydroxy group close to, or a ligand of, the Mo and not from the 0x0 ligand of Mo. Since there is insufficient space here for a full discussion of the mechanisms, we have chosen to describe just those aspects addressed by our results and where controversy remains. We base this discussion on Schemes 1 and 2 (corresponding to Schemes 5 and 9 of reference [Z]). Scheme 1 derives from the mechanism recently proposed for aldehyde oxidoreductase [ 131, and Scheme 2 is an expansion of that which we proposed earlier [5] ; it is based in part on the suggestion of Coucouvanis and co-workers [14]. As a break from the tradition in this field, we have included the overall charges present, or implied, on the Mo in the intermediates since these affect the formal oxidation states of the Mo and are relevant to our discussion.
The nature of the first intermediate in the overall reaction is an important difference 
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Initial steps in the mechanism of action for xanthine oxidase, being an expanded version of the one we proposed earlier [5] , involving initial formation of a Mo-C bond [ I41 The number at the top right hand of each species represents the charge on the Mo.
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between the schemes. In Scheme 1, the reaction proceeds as a result of nucleophilic attack on the C-8 of xanthine, by the (deprotonated) water ligand of Mo, producing a tetrahedral C-8 intermediate from which hydride is transferred to the sulphido ligand to give a non-linear Mo-0-C-8 intermediate; this is then oxidized by intramolecular electron transfer to the M o o species that gives the Very Rapid EPR signal. In model alkoxide complexes [ 151 there is no suggestion that such a Mo-0-C bond could become sufficiently bent for a Mo-C bonding interaction of the kind we see by ENDOR to occur. Therefore (1) the first two intermediates of Scheme 1 do not occur, (2) steric constraints imposed by the protein force a more acute Mo-0-C angle than is seen in model compounds or (3) the Mo-C distance estimates from ENDOR are too small by about 1 .O A. We do not believe that the last of these can be the case for the reasons outlined above, although we are interested in checking the ENDOR-based methodology with stable M o o complexes of known structure. Unfortunately, as discussed below, compounds containing an uncharged C=O bound sideways on to M o o , as indicated in our Very Rapid structure, are expected to be unstable.
In our mechanism, as shown in Scheme 2, there is direct addition of the C-8-H bond across the Mo=S double bond [14] to give a direct Mo-C interaction, analogous to the Mo-N bond widely assumed to occur in the alloxanthine complex of xanthine oxidase [2] . We have no direct evidence for this step, other than our conclusion that a Mo-C bonding interaction is retained at the later intermediate responsible for the Very Rapid EPR signal and the analogy with the sideways bound C=O in the relatively stable species giving the Inhibited signal, although the origins of the oxygen atom in the sideways-bound C=O are different in the two species; in the Inhibited species it comes from the reacting aldehyde, whereas in the Very Rapid species it comes from water. Such sidewaysbound C=O moieties are familiar in organometallic chemistry. The Inhibited species is proposed to be more stable than the Very Rapid because of the additional electron in the former contributing to the Mo to C=O bond (see the structure in Figure 1 , line 1). In the second step of Scheme 2, the Mo-C bond is attacked by a water molecule, assumed to have been deprotonated, to give sideways-bound C=O. We suggested earlier [5] that this was a buried water close to, or possibly a ligand of, the Mo. In the light of the crystallographic work [2, 13] we have assumed the latter to be the case for the purposes of this paper. Contrary to the discussion by Hille [2] , our second intermediate (Scheme 2) has Mo formally as Mo(1V) since the C-8=0 is not regarded as a charged ligand because such bonding is a n-interaction between the electrons in the C=O bonding orbitals supported by back donation from the Mo d-orbitals into C and 0 anti-bonding orbitals. As a result of this, our subsequent M o o Very Rapid species is not, as indicated by Hille [2] , before reduction of Mo(V1) to Mo(IV), but after its subsequent oxidation, as suggested by earlier data using lumazine as a substrate and violapterin as a product [2, 16, 17] . Note that if the two sulphur ligands to Mo provided by the molybdopterin are regarded as a disulphide, or the dithioline moiety has the double-bond character shifted from C=C into the C-S bonds, it is even possible to regard the formal oxidation state of Mo as (11) in these more reduced species; variations in the geometry of the Mo-S-C=C-Sring have been observed in the X-ray-crystallographic structures of complexes of aldehyde oxidoreductase [ 131. We agree, as stated elsewhere [2] , that such tf-bonds are only stable in complexes of highly reduced metals, but point out that in this case we are describing an unstable kinetic inter-mediate that rapidly decomposes to give the product, in the step immediately after the last intermediate of Scheme 2. In fact Very Rapid signals have not been seen at all when aldehydes, etc. are being oxidized by xanthine oxidase (with the exception of formamide), indicating that the euqivalent species is even more unstable in the case of these substrates. This instability is consistent with the probable complexity of the actual mechanism since the loss of the proton, shown as the last step in Scheme 2, may well be in Kinetic isotope effect data using 8-'H xanthine might distinguish between the mechanisms of Scheme 1 and 2 since the bond-breaking step occurs earlier in Scheme 2. It is questionable whether published data [18] [19] [20] are sufficient to allow a definitive conclusion to be drawn.
In summary, we feel that the balance of the evidence is in favour of the reaction mechanism shown in Scheme 2 rather than that of Scheme 1. 
Introduction
T h e existence of a molybdenum cofactor (MoCF) was predicted by genetic studies of Aspergillus mutants which showed a pleiotropic loss of Mo-requiring enzymic activities [ 13. Later, analysis of Neurospora mutants with the same phenotype led to an in vitro assay, which continues to be an invaluable method for detectAbbreviations used: GlyR, glycinergic receptor; MoCF, molybdenum cofactor.
ing biologically active cofactor [2] . Similar mutations in eubacteria, plants, insects and mammals are known to be defective in some aspect of MoCF biosynthesis or utilization [3] , and thereby identify genes herein referred to as 'MoCF genes'.
Drosophila MoCF genes
In Drosophila, mutations that reduce or abolish activity of the molybdenum oxidoreductase xanthine dehydrogenase are conveniently
